The Langmuir-Blodgett LB technique has long been known as a useful method for preparing organic monolayers on solid substrates 16, 17 . Nanolath lattices consisting of stripes and channels with alternating wettability are fabricated using the wetting instabilities during the LB transfer 18 . Phase-separated structures are often formed in mixed LB fi lms fabricated from two amphiphilc molecules 19 29 .
We controlled the phase-separated structures in mixed LB fi lms. The domain shape and size are governed by two competing interactions of line tension and dipole-dipole interaction 20, 21 . The former favors the formation of large, disk-type domains in the mixed LB fi lms of fatty acids and silane-coupling agents. These domains consist of fatty acids surrounded by monolayers of the silane-coupling agents. Dipole-dipole interaction favors the formation of domains at the nanometer length scale in the mixed LB fi lms. Through adjustment of the alkyl chain length of the amphiphiles, we can control the line tension, which enables us to obtain nanowires in mixed LB fi lms. We patterned various materials using phase-separated mixed LB fi lms. Disk, spiral, and nanowire domains form in mixed LB fi lms consisting of amphiphilic carboxylic acids and silane-coupling agents 20, 24 , and templates can be fabricated using these mixed LB films. We have successfully patterned Cu 25 , gold nanoparticles 26 , organic dyes 27 , silica nanoparticles 28 , titania, and zirconia fi lms 29 .
As described above, conventional nanoparticles such as gold and silica were selectively immobilized on the templates fabricated from mixed LB films using the electrostatic force between the nanoparticles capped with carboxyl groups and a monolayer of silane-coupling agents with amino groups. In this study, we examine the selective immobilization of fluorescent nanoparticles such as CdSnanoparticles CdS-NPs and CdSe/ZnS-NPs on templates fabricated from mixed LB films using a liquid adsorption method. We also discuss how to control the density of the immobilized-CdSe/ZnS-NPs on the templates through variations in the concentration of the aqueous dispersion CdSe/ZnS-NPs. We used atomic force microscopy AFM , scanning electron microscopy SEM , and fl uorescence microscopy to investigate the morphology and optical properties of the semiconductor quantum-dot-immobilized templates. 
EXPERIMENTAL PROCEDURES

Fabrication of CdS-NPs
Cd-NPs were synthesized using a recipe described by Acar et al. 30 . 66.6 mg of Cd OCOCH 3 2 2H 2 O was dissolved in 50 mL of water, and 0.056 mL of MPA was added to the solution. The pH of the solution was adjusted to 7.5 using a 0.1 M NaOH aqueous solution, and the solution was then deoxygenated with nitrogen gas. 50 mL of a 2.4 mM Na 2 S aqueous solution was added dropwise into the solution. The solution was allowed to stand for 30 min at room temperature. The CdS-NPs were purifi ed from the excess materials through precipitation into isopropyl alcohol followed by centrifugation at 4000 rpm. The CdS-NPs were then dispersed in pure water at given concentrations.
Fabrication of LB fi lms
Si wafers with naturally oxidized surfaces were kept in aqueous NH 4 OH and H 2 O 2 at 98 for 10 min and rinsed with water before use Fig. 1a . The monolayer measurements were performed using a Lauda Filmwaage FW1 . Fatty acid and silane-coupling agents were dissolved in hexane at 1.0 10 3 M. All the spreading solutions containing F8H2SiOMe or F8H2SiCl were prepared under a nitrogen atmosphere. The solutions were mixed at given molar ratios and spread throughout on pure water electrical resistivity 18.2 M cm at 20 . The molecules were compressed at 1.2 10 2 nm 2 molecule 1 min 1 after 5 min of evaporation time. The single-layer LB fi lms were fabricated by transferring the Langmuir films using the vertical dipping method at an upward stroke of 5 mm min 1 onto the Si wafers Fig. 1b . All the LB fi lms were transferred at 10 mN m 1 onto the Si wafers to avoid the collapse of any parts of the monolayers at the air-water interface, considering that the Langmuir fi lms of silane-coupling agents collapse at a higher surface pressure.
Fabrication of the templates
Mixed LB fi lms of fatty acid and silane-coupling agents were heated at 110 for 30 min, resulting in the formation of covalent bonds between the silane-coupling agents and Si wafers. The mixed LB films were then rinsed with ethanol for the selective removal of the fatty acids Fig.  1c .
Template Functionalization
The templates were immersed in a 0.1 mM hexane solution of APS for 4 h in air at room temperature to form an APS monolayer; this was done for functionalizing the exdomain regions with amino groups Fig. 1d .
Immobilization of quantum dots on the templates
The amino-functionalized templates were immersed in aqueous dispersions of CdS-NPs or CdSe/ZnS-NPs at room temperature for 1 h to immobilize the CdS-NPs or CdSe/ ZnS-NPs in the exdomain regions with amino groups Fig.  1e .
Characterization
Ultraviolet-visible UV-Vis absorption spectra were measured using a V-560 spectrophotometer JASCO, Japan . Fluorescence spectra were measured using an F-4500 spectrophotometer Hitachi, Japan . The slit widths at the excitation and emission of the spectrofl uorometer are 2.5 nm. AFM observations were performed using a SPA 300 microscope controlled with a Nanonavi station SII nanotechnology, Japan . Topographic images in tapping mode were acquired at a scan rate of 1 Hz using silicon nitride cantilevers with a spring constant of 15 N m 1 and a resonance frequency of 127 kHz. SEM observations were performed using an S-4200 microscope Hitachi, Japan .
RESULTS AND DISCUSSION
3.1 Optical properties of CdS-and CdSe/ZnS-NPs in water and on the quartz plates Over the last few decades, semiconductor quantum dots have been studied owing to their unique electrical and optical properties. The preparation of quantum dots through wet processes enables us to fabricate low-cost, low-energy quantum devices. We investigated the optical properties of CdS-NPs and CdSe/ZnS-NPs in aqueous dispersions, as well as those immobilized on quartz plates. are located at 320 nm and 400 nm, respectively. The diameter of the CdS-NPs is estimated to be about 2.6 nm using the Brus equation 31, 32 . The concentration of aqueous dispersions of Cd-NPs was determined to be 4.2 μmol L 1 using the molar adsorption coeffi cient reported by William et al. 33 . Figure 2 b shows an UV-Vis absorption spectrum of CdS-NPs immobilized on a quartz plate functionalized using the self-assembled monolayers SAM of APS. The absorption maximum and absorption edge were situated at almost the same wavelengths with those of the CdS-NP dispersions. These results indicate that CdS-NPs were immobilized on the quartz plates. The CdS-NPs were immobilized on the SAMs of APS owing to the electrostatic force between the carboxylic and amino groups 26 . Figure 2 c shows UV-Vis absorption and fluorescence spectra of the aqueous dispersions of CdSe/ZnS-NPs. The absorption maximum and absorption edge appear at 500 and 530 nm, respectively. In a report by Dabbousi et al., the diameter of the CdSe/ZnS-NPs was estimated to be about 4.5 nm 31, 34 .
The concentration of aqueous dispersions of CdSe/ZnS-NPs was determined to be 62 nmol L 1 using the molar adsorption coeffi cient reported by William et al. 33 . The maximum wavelength and full width at half maximum of the fl uorescence band are 530 nm and 30 nm, respectively. Figure 2 d shows a fluorescence spectrum of the CdSe/ZnS-NPs immobilized on a quartz plate functionalized with a monolayer of APS. The maximum wavelength and full width at half maximum of the fl uorescence band are almost coincident with those of the CdSe/ZnS-NP aqueous dispersions. These results indicate that the CdSe/ZnS-NPs are immobilized on the quartz plates.
Immobilization of CdS-NPs on the templates fabri-
cated from mixed LB fi lms Lithography techniques using self-assembling systems have attracted a great deal of attention in establishing novel nanofabrication technologies without external stimuli such as photo-irradiation through photomasks or scanning a substrate surface using probes. We fabricated fi lms consisting of functional materials such as copper 25 We then performed a selective immobilization of the semiconductor quantum dots of CdS-NPs on these templates using a liquid phase adsorption technique. Figure 3 a shows an AFM image of a mixed LB fi lm of H19A/F8H2SiOMe 3/7. Disk domains at a diameter of several micrometers and with a relative height of 1 nm were formed in the mixed LB fi lms, indicating that H19A forms these disk domains surrounded by the monolayer of F8H2SiOMe. Figure 3 b shows an AFM image of a template fabricated from the mixed LB fi lm described above. The height of the disk domains is smaller than the height of the surrounding regions by 1 nm. The surface of the Si wafer is exposed in the disk domain regions due to the selective removal of H19A 25 29 . Figure 3 c shows an AFM image of the APS-modifi ed template. The height of the disk domains is smaller than the height of the surrounding regions by 0.5 nm, indicating the formation of a monolayer of APS in the disk domain regions 25, 26 . Sections d and e in Fig. 3 show an AFM image and cross-sectional view of a CdS-NPs-immobilized template fabricated through immersion in the aqueous dispersion of CdS-NPs at 4.2 nmol L 1 for 10 min. The height of the disk domains is higher than the height of the surrounding regions by 1 nm. This increase in height is almost in agreement with the diameter of the CdS-NPs. These results indicate that the CdS-NPs are selectively immobilized on the APS-functionalized templates. The adsorption of gold nanoparticles and semiconductor quantum dots capped with carboxyl groups on the solid substrates functionalized with the amino group has been analyzed based on the Langmuir adsorption model 31, 35 .
The adsorbed nanoparticles on the substrates become saturated within around 10 to 30 min. We also studied the im- mobilization of CdS-NPs on the templates for longer immersion times. Figure 4 shows the AFM images of the CdS-NP-immobilized templates fabricated by immersion in an aqueous dispersion of CdS-NPs at 4.2 nmol L 1 for both a 1 h and b 18 h. The Cd-NPs are immobilized in the disk domain regions. The amount of CdS-NPs immobilized in the surrounding regions of the templates increased with the immersion time. After an immersion of 24 h, the disk domains were not recognizable on the templates, indicating the immobilization of the CdS-NPs in both the disk domain and surrounding regions. This may be due to the physical adsorption of the CdS-NPs in the surrounding regions and/or the immobilization of APS at the defects of these regions. These results indicate that the immersion time is an important factor for the selective immobilization of CdS-NPs on the templates. These results also suggest the difference between adsorption rates of the CdS-NPs in the disk domains and the surrounding regions.
3.3 Immobilization of CdSe/ZnS-NPs on templates fabricated from mixed LB fi lms Core-shell quantum dots have attracted a large amount of interest in electronics, photonics, and biological fields owing to their electronic and photonic properties based on the quantum size effect. We carried out the immobilization of CdS-NPs capped with a carboxylic group on the templates fabricated from the mixed LB fi lms, as shown in Fig.  3 . We also studied the immobilization of the core-shell quantum dots of the CdSe/ZnS-NPs on these templates. 31 .
These results indicate the selective immobilization of CdSe/ZnS-NPs on the templates. .
CdSe/ZnS-NPs. Figure 7 b shows normal and magnified fluorescence images of the CdSe/ZnS-NPs-immobilized template. Bright spots due to green fl uorescence from the CdSe/ZnS-NPs are evident. The size of the bright spots is similar to that of the disk domains shown in the AFM and SEM images Fig. 5 and Fig. 7a , respectively . These results indicate that the immobilized-CdSe/ZnS-NPs on the templates serve as light-emitting devices.
CONCLUSION
We patterned functional materials on templates fabricated from phase-separated mixed LB fi lms using only self-assembly processes 25 29 . The phase-separated structures can be tuned by adjusting the intermolecular interactions between the fi lm-forming molecules 20, 21 . In this study, two types of semiconductor quantum dots were immobilized on the templates. AFM observations reveal the formation of patterned single layers consisting of semiconductor quantum dots on the templates, and that the density of these semiconductor quantum dots can be controlled by altering the experimental conditions. Fluorescence microscopy shows that a green fl uorescence is emitted from the patterned regions immobilized with the quantum dots, indicating that these semiconductor quantum dots serve as light-emitting devices on the templates. It is particularly interesting to note that unique phaseseparated structures such as spirals, hexagons, and nanowires can be formed in mixed LB films consisting of fatty acids, hybrid carboxylic acids, and silane coupling agents by adjusting the intermolecular interactions between the film-forming molecules 20 . This provides a means to controlling the size and shape of the domains in the templates for the patterning of semiconductor quantum dots. The present methodology enables us to fabricate quantum dots on templates with chemically patterned surfaces formed through self-assembling systems and has potential applications in the two-dimensional nanofabrication of various functional materials for low-cost, high-throughput high-density memory, light-emitting devices, and sensors. The white scale bars in the inset images of (a) and (b) are 2 μm and 10 μm, respectively.
